In many fungi, the heterotrimeric G protein alpha subunits, and/or small G protein (RAS) control intracellular cAMP levels. But it is not clear which types of G proteins modulate cAMP levels in homobasidiomycete (mushrooms). To explain the mechanism, we expressed dominant active RAS (a homolog of S. cerevisiae RAS1) in homobasidiomycete Schizophyllum commune and compared the cAMP levels in the transformed clones with those of clones expressing dominant active heterotrimeric G protein alpha subunits ScGP-A, B, and C. The results demonstrated that the dominant active ScGP-A and C elevated the intracellular cAMP levels. In contrast, the dominant active S. commune RAS gene did not affect the cAMP levels, even though colony growth and formation of fruiting bodies were apparently repressed. These data suggest that the heterotrimeric G protein alpha subunits are involved in the mechanism of cAMP regulation, and that RAS modulates another signal-transduction pathway regulating cell growth and differentiation.
cAMP plays various roles in a wide variety of fungi. In Saccharomyces cerevisiae, cAMP plays an important role in nutrient sensing. 1) In heterobasidiomycete Cryptococcus neoformans, hyphal differentiation and virulence are controlled by cAMP level. 2) In the corn smut fungus Ustilago maydis, intracellular cAMP levels are regulated for subsequent fungal development in plants. 3) The components involved in cAMP production are conserved in fungi. Heterotrimeric G protein alpha subunits and/or small G protein (RAS) elevate intracellular cAMP levels in most cases. But the mechanisms regulating cAMP levels differ between fungi. For example, the RAS1 and RAS2 proteins play a central role in controlling cAMP levels in S. cerevisiae. 4) In contrast, in Schizosaccharomyces pombe, RAS is not involved in cAMP production. 5) In heterobasidiomycete C. neoformans, the heterotrimeric G protein alpha subunit is coupled to cAMP production via adenylate cyclase. 6) In heterobasidiomycete Ustilago maydis, the heterotrimeric G protein alpha subunit GPA3 controls the cAMP signaling pathway. 7) RAS and/or heterotrimeric G protein alpha subunits are also involved in the MAP kinase cascade, which is well known for transducing a variety of extracellular signals, as in mating pheromones to regulate cell growth and differentiation. In the pathogenic fungus Candida albicans, CaRAS1 appears to be involved in dual regulation of the filament-inducing MAP kinase cascade and the cAMP-dependent signaling pathway at a signaling branch point. 8) In heterobasidiomycete, RAS2 controls morphogenesis, pheromone response, and pathogenicity in U. maydis. As in C. albicans, these processes are regulated by signaling mechanisms including the cAMP pathway and MAP kinase cascade. 9) Schizophyllum commune is a homobasidiomycete fungi and is distinguished from other heterobasidiomycetes like U. maydis or C. neoformans in that the latter form outstanding basidia (fruiting bodies). As in the case of other species, cAMP appears to be important in cell differentiation, as in the formation of fruiting bodies (reviewed by Kües). 10) In S. commune, the change of cAMP levels from the hyphal aggregation to the formation of fruiting bodies was observed, 11) and exposure to light caused an increase in cAMP levels. 12) cAMP also regulates lignin-degrading enzymes like Lip or Mnp, readily available enzymes for the pulp industry
The GenBank/EMBL/DDBJ accession number for the RAS sequence reported in this paper is AB104910.
y To whom correspondence should be addressed. Fax: +81-24-593-2155; E-mail: yamagisi@affrc.go.jp and bioremediation. [13] [14] [15] Although the mechanism regulating the cAMP level in homobasidiomycete has not yet been explained, the putative components that are supposed to activate adenylyl cyclase have been reported. The homobasidiomycete RAS gene was first identified from Lentinus edodes (LeRas), which could functionally replace its homolog genes (ScRAS1 and ScRAS2) in S. cerevisiae. 16, 17) So far, homobasidiomycete RAS genes have been isolated from Coprinus cinereus, 18) S. commune, 19) Suillus bovinus, 19) and Laccaria bicolor. 20) Some genes have been reported to encode heterotrimeric G protein alpha subunits (SCGPALPHA1, 19) SCGPALPHA2, 19) ScGP-A, ScGP-B, and ScGP-C). ScGP-A, B, and C genes were found in S. commune monokaryon strain T11. 21) ScGP-A resembles SCGPALPHA1 (92.6%), and ScGP-C shows high homology with SCGPALPHA2 (98.6%) at the amino acid level. ScGP-B shows high homology with Coprinus congregatus CGPa1 (87.8%), reportedly a candidate for regulating the blue-light-induced signal transduction photomorphogenesis system found in C. congregatus. 22, 23) To examine which types of G protein (the heterotrimeric G proteins and RAS protein) are involved in the regulation of cAMP levels in S. commune, we introduced the dominant active Schizophyllum RAS gene, which lost its intrinsic GTPase activity, into S. commune. The cAMP levels in the transformed clones were compared with other clones expressing dominant active heterotrimeric G protein alpha subunits ScGP-A, B, and C (previously reported in Yamagishi et al.
21)
). We also investigated some phenotypes (mycelium colonies' outlook and growth speeds, and repression effects of mutated genes for the formation of fruiting bodies) to predict the difference in roles between the heterotrimeric G protein alpha subunits and RAS protein in S. commune.
Materials and Methods
Strains and media. The Schizophyllum commune T11 strain (A41, B16, Trp1, Ura1) was kindly provided by Dr. R.C. Ullrich (University of Vermont) through Dr. Kikuo Sen (Shinsyu University). S. commune monokaryon F1 strain was separated from a single spore of IFO 30496 strain (Institute for Fermentation, Osaka, Japan) and used to form dikaryon by mating with the T11 strain. These strains were grown in a complex medium containing yeast extract and polypetone supplied with 4 mM tryptophan (CYMT) 24) for T11 or without tryptophan (CYM) 24) for the F1 and T11/F1 strain.
DNA and RNA Manipulation. The primers used in this study are listed in Table 1 . Generally, PCR reactions were performed by using Platinum Taq DNA polymerase High Fidelity (Gibco BRL) with a Taq PCRx Enhancer System (Gibco BRL). The first stranded cDNA used for templates for RT-PCR was prepared by using a TAKARA RNA LA PCR kit (AMV) ver. 1.1 (TAKARA). Genomic DNA was prepared by using a DNeasy Plant Mini Kit. Total RNA was prepared by using an RNeasy Plant Mini Kit (QIAGEN).
Cloning procedure. The RAS gene from the S. commune T11 strain was cloned by a series of PCR procedures, as follows. Figure 1 illustrates the positions and directions of the primers in the RAS gene (Fig. 1) . The genomic DNA of the T11 strain was amplified using primers F1 and R1 to obtain the gene corresponding to Ras1p submitted by Gorfer et al. (Genbank Accession No. AF268471). The PCR product was cloned and sequenced. The 3 0 flanking region was cloned by 3 0 -RACE using three nested primers, F2, F3, and F4. The 5 0 flanking region was cloned by TAIL-PCR 25) using nested primers R2, R3, and R4 and degenerate primers TAIL1, 2, 3, 4, 5, and 6. The procedure for TAIL-PCR was performed as described previously. 21) Genomic DNA and cDNA covering the full length of the coding sequence region were amplified using primer sets F5 (F6) and R5 for amplifying genomic DNA (cDNA). The PCR products were ligated in pT7BlueT-vector (Novagen) for sequencing. Every fourth clone was sequenced to verify the PCR errors. GCTCTAGACCTACATGATAATACACTTCCT  F3  CCAAGGTTTCATCCTTGTGTACTCC  TAIL1  NGTCGASWGANAWGAA  F4  CGATGCGGCGCGTGAAGCGAGGCGAC  TAIL2  NCAGCTWSCTNTSCTT  F5  CGAGGGAAAGCAATGCCGATCGTGC  TAIL3  GTNCGASWCANAWGTT  F6  AGCCCGCCCGTGCACTCACGACGCTC  TAIL4  CANGCNWSGTNTSCAA  R1  GTGTCTATGACCTCCACGAAGCACAT  TAIL5  WGTGNAGWANCANAGA  R2  CACGCGCCGCATCGATTGCCGGAAGACC  TAIL6  SCACNTCSTNGTNTCT  R3 GAAGACCTCCAGCCGGTCGAATGTGGAGC
Construction of gene expression plasmids. Figure 2 depicts all co-transformation plasmids used in this study (Fig. 2) . The construction procedures for pSc3-GPA (Q207R), pSc3-GPB (Q204R), and pSc3-GPC (Q204R) were described previously. 21) Construction of the dominant active or wild type RAS expression plasmids were as follows. The plasmids containing the RAS genomic DNA fragment (containing introns) was used as a template for the site-directed PCR mutagenesis procedure. 26) The dominant active RAS (Q61L) gene, in which the glutamine at position 61 was exchanged for leucine, was generated by PCR using primers Nco-F and QL-R, and Xba-R and QL-F. As a result, the glutamine codon of RAS (CAG, positioned at 61 in the amino acid sequence) was replaced by a leucine codon (CTG). To construct a wild type RAS expression plasmids, the primers Nco-F and Xba-R were used to amplify the plasmid containing the RAS genomic DNA fragment (containing introns). The mutant genes RAS (Q61L) or wild type RAS was digested by NcoI and XbaI and The construction procedures for plasmids pSc3-RAS (Q61L), pSc3-RAS (wild type), and pSc3-EGFP are described in ''Materials and Methods.'' The construction procedures for plasmids pSc3-GPA (Q207R), pSc3-GPB (Q204R), and pSc3-GPC (Q204R) were described previously. 20) ''Sc3 Promoter'' and ''Sc3 Terminator'' indicate the promoter (1.5 kbp) and terminator (0.4 kbp) regions of the S. commune hydrophobin SC3 gene. EGFP indicates the enhanced green fluorescence protein gene. GPD indicates the coding sequence of the S. commune glyceraldehyde-3-phosphate dehydrogenase gene. The GPD and EGFP genes were linked with three glycine linkers (not shown). RAS (Q61L) means mutated RAS genes containing point mutation. Since the RAS (Q61L) and GPD genes were amplified from genomic DNA by PCR, they contained intact introns (not shown). Angle arrows indicate the transcription start site of each plasmid. The mutated amino acids (glutamine to leucine for RAS (Q61L) gene, glutamine to arginine for ScGP-A (Q207R), ScGP-B (Q204R), and ScGP-C (Q204R) are indicated above each gene. The short arrows indicate the primers used in RT-PCR for checking whether Ras (Q61L) genes were transcribed in each co-transformed clone (see ''Materials and Methods''). Abbreviations for restriction enzymes are as follows: K, KpnI; N, NcoI; X, XbaI; and B, BamHI.
inserted into the Sc3 vector. The hydrophobin Sc3 protein is a main component of aerial mycelium in S. commune. The Sc3 gene was originally cloned as a cDNA for an mRNA that was among the most abundant mRNAs in both monokaryon and dikaryon.
27) The Sc3 gene expression vector (Sc3 vector) was described previously. 21) The EGFP (enhanced green fluorescence protein) gene was inserted into Sc3 vector instead of the G protein genes as a control. The EGFP gene (Clontec Co., Ltd.) was amplified by primers EGFP-Nco-F and EGFP-Xba-R to add restriction enzyme sites. The NcoI site contained the first Met, and the XbaI site was located at the rear of the EGFP stop codon. Since it has been reported that introns are necessary for normal processing of GFP in S. commune, 28) the GPD (glyceraldehyde-3-phosphate dehydrogenase) gene of S. commune 29) was used to stabilize EGFP primary transcripts. Primers GPD-Nco-F and GPD-Nco-R were used to amplify the genomic fragment covering the full region of the GPD gene (from the first Met to 337 leucine adjacent to the stop codon). Genomic DNA of the IFO 30496 strain was used as the PCR template. The PCR product was digested by NcoI and inserted into the NcoI site of the EGFP expression plasmid as described above. Consequently, the plasmids was expected to express S. commune GPD-EGFP fusion protein linked with three glycine linkers added by primer GPD-Nco-R.
Transformation Procedure. Transformation experiments were conducted with plasmid pGEM7 þ /TRP1, which contains the Schizophyllum TRP1 sequence. 30) pGEM7
þ /TRP1 was kindly provided by Dr. R. C. Ullrich (University of Vermont) through Dr. Kikuo Sen (Shinsyu University). The transformation procedure followed the protocol of Munoz-Rivas et al. 31) with some modification.
21) The protoplasts (5 Â 10 7 cells) of the T11 strain (tryptophan auxotrophy) were transformed with DNA solution (10 g pGEM7 þ /TRP1, 30 g for each gene expression plasmid) and regenerated. About 100 clones were regenerated from each 5 Â 10 7 protoplasts. Two or 3 d later, all regenerated clones in the CYM plate (without tryptophan) were recovered and used for further analysis.
Northern analysis of transformed RAS and the ScGP-A, B, and C genes. The transformed monokaryon and resultant dikaryon clones mated with the F1 strain were cultured on cellophane membranes overlying CYM for 3 d to obtain total RNA. 2 g of total RNA was loaded per lane, and an RNA ladder (Promega) was used as a size marker. The RAS cDNA fragments were used as hybridization probes. The procedures for northern blotting (including detection of ScGP-A, B, and C) were described previously. 21) Measurement of intensities of EGFP. To evaluate the expression intensities of the EGFP gene, all monokaryon clones and resultant dikaryon clones mated with the F1 monokaryon strain were cultured on a cellophane membrane. The mycelium was recovered and homogenized with ice-cold PBS with protease inhibitor cocktail P8215 (Sigma) to produce a 10% (w/v) homogenate. The homogenate was centrifuged at 12000 Â g for 10 minutes at 4 C and the resultant supernatant was recovered. The relative fluorescence intensities were measured with a fluorometer (VersaFluor Fluorometer, Bio-Rad).
Measurement of cAMP concentration. The transformed clones selected by northern blotting or fluorescence measurements as described above were cultured on cellophane membrane agar plate in darkness for 5 d to obtain cAMP. The mycelia (about 50-100 mg in fresh weight for each clone) were recovered and immediately macerated by mortar and pestle in liquid nitrogen. The mycelia powder was suspended with ice-cold 6% (w/v) trichloroacetic acid to produce a 10% (w/v) homogenate. Each homogenate was applied on a QIAshredder spin column and centrifuged for 2 minutes at 12000 Â g at 4
C to reduce the viscosity of the samples. The resultant supernatants (0.2 ml) were recovered and washed 4 times with 2.5 volumes of water-saturated diethyl ether. The remaining aqueous extracts were dried under a stream of nitrogen at 60 C. Each dried extract was dissolved in 0.5 ml of 0.05 M sodium acetate buffer (pH 5.8). Total nucleotides in the sample were measured as the optical density at 260 nm by spectrometer. The UV spectrum of the sample showed a single peak at 260 nm in a range from 240 nm to 300 nm, and the absorbency at 260 nm for each sample ranged from 1.00 to 1.40 (data not shown). The cAMP concentration of each sample was measured by the cAMP enzyme immunoassay system (Amersham Pharmacia Biotech). The cAMP measurements for each sample were assayed in duplicate. The relative proportion of cAMP in total nucleotides was calculated by the formula: concentration of cAMP per ml/O. D. 260 nm. Figure 5 shows the mean values of each group (co-transformed with pSc3-RAS (Q61L), pSc3-RAS (wild type), pSc3-GPA (Q207R), pSc3-GPB (Q204R), pSc3-GPC (Q204R), and pSc3-EGFP, and transformed with pGEM7 þ / TRP1 only) AE standard deviations (Fig. 5) .
Measurement of the mycelium colony growth speed. To measure the colony growth speed of clones expressing transformed genes, a piece of mycelium was inoculated in the center of a CYM agar plate in duplicate. The diameter of each mycelial colony was measured after 6 (4) d for monokaryon (dikaryon). Table 2 shows the mean values of each group (cotransformed with pSc3-RAS (Q61L), pSc3-RAS (wild type), pSc3-GPA (Q207R), pSc3-GPB (Q204R), pSc3-GPC (Q204R), and pSc3-EGFP, and transformed with pGEM7 þ /TRP1 alone) AE standard deviations.
Fruiting bodies formation test. To examine the influence of mutated genes on the formation of fruiting bodies, the dikaryon clones strongly expressing transformed genes were cultured on minimum medium (MM) agar plates containing 10 mM asparagine instead of peptone and yeast extract in CYM for 7 d in continuous darkness at 30 C, followed by 4 d under fluorescent light (1000lux). The degree of formation of fruiting bodies was observed and sorted into five grades: that in which no primordium was observed (zero), that in which a few primordia were observed (0.25), that in which many primordia were observed (0.5), that in which a few fruiting bodies were observed (0.75), and that in which many fruiting bodies were observed (1). Under these criteria, the expression ''a few'' means 1-5, although the criterion was subjective. The fruiting body forming tests were performed in duplicate. Table 2 shows the mean values for each group (co-transformed with pSc3-RAS (Q61L), pSc3-RAS (wild type), pSc3-GPA (Q207R), pSc3-GPB (Q204R), pSc3-GPC (Q204R), and pSc3-EGFP, and transformed with pGEM7 þ /TRP1 only) AE standard deviations (Table 2) .
Results and Discussion
Cloning of the RAS gene from the T11 strain The RAS gene from the S. commune T11 strain was cloned and sequenced. The alignment score between the deduced amino acid sequence and the Ras1p gene submitted by Gorfer is 98% (data not shown), and therefore these genes were considered homologous. However, it remains to be seen whether another RAS gene exists in S. commune as in C. neoformans, 32) and homobasidiomycete Suillus bovinus ras1 and ras2. Since the amino acid sequences of the RAS gene have been well conserved in most species, it might be possible to discover other RAS genes in S. commune by degenerate PCR or substitutional techniques.
Construction of dominant active RAS gene expression plasmid
In a previous report, we introduced dominant active mutants of the ScGP-A, ScGP-B, and ScGP-C genes into S. commune to investigate the function of each gene and to observe phenomena caused by the mutated genes.
21)
But we did not measure intracellular cAMP levels. In the present study, we constructed a dominant active mutated RAS gene whose product was locked in the active GTPbound state by decreasing intrinsic GTPase activity, as used in the case of heterotrimeric G protein alpha subunits. This method has been applied to RAS genes of many species, and Raudaskoski et al. have pointed out that the method might be useful for studying the role of G proteins including RAS in S. commune and ectomycorrhiza-forming homobasidiomycete S. bovinus. 19) We referred to its application to the C. neoformans RAS1 gene 33) in order to decide which amino acid residue of the S. commune RAS gene should be changed to decrease GTPase activity. The C. neoformans RAS1 mutant allele (RAS1Q67L) induced a differentiation phenotype known as haploid fruiting, which involves filamentation, agar invasion, and sporulation in response to nitrogen deprivation. The alignment between S. commune RAS and C. neoformans RAS1 suggested that glutamine 61 of S. commune RAS corresponds to glutamine 67 of the C. neoformans RAS1 gene. The glutamine residue at that position is necessary for hydrolysis GTP, 34) and this region is conserved in all organisms from yeast to man. Glutamine 61 was substituted for leucine by site-directed mutagenesis, and the mutated gene RAS (Q61L) was inserted into Sc3 gene expression plasmid (Fig. 2) . The pSc3-RAS (wild type) plasmid was constructed to determine whether overproduction of native RAS protein would influence the phenotype of co-transformed clones.
Selection of co-transformed clones expressing RAS genes
All regenerated clones that were co-transformed with pSc3-RAS (Q61L) or pSc3-RAS (wild type) plasmids were checked by genomic PCR using primers Sc3-F and R2. About one-third of the clones were co-transformed with pSc3-RAS (Q61L) or pSc3-RAS (wild type) gene expression plasmids (data not shown). RT-PCR was performed to determine whether mutated RAS (Q61L) or wild type RAS genes were transcribed in each clone. Primer sets Sc3-F and R6 were used for RT-PCR. The 3 0 region of primer R6 was constructed so as to overhang the intron in order to prevent the contaminated genomic DNA from amplifying. The 20 (15) clones that harbored pSc3-RAS (Q61L) (RAS wild type) in their genomes transcribed genes (data not shown). To confirm that the transformed RAS (Q61L) gene and RAS wild type gene (containing introns) were processed correctly, each RT-PCR product was sequenced. All the introns were spliced correctly (data not shown).
Evaluation of expression levels of transformed G proteins in monokaryon and resultant dikaryon
Since the expression levels of mutated exogenous genes varied among the co-transformed clones, northern blotting was performed to select the clones strongly expressing the transformed genes (Fig. 3) . In monokaryon, the transcripts of the RAS (Q61L) gene were not as obvious as those of the RAS wild type gene (Fig. 3,  panels A and B) . Although the reason is unknown, the signal originated by the activated RAS protein might have destabilized the RAS mRNA itself. The posttranscriptional down-regulation of RAS due to a decrease in the RAS mRNA half-life has been reported.
35) The expression of all transformed genes was greatly weakened in dikaryon, as was expected from the results of the EGFP expression pattern (Fig. 4 ; discussed below). Additionally, unidentified broad smears observed in many RNA samples recovered from dikaryon prohibited identification of the clones expressing ScGP-A (Q207R) genes in dikaryon (Fig. 3, panel C) . Therefore, dikaryon clones #6, #34, #46, and #48 were used for further analysis because these clones were proved to express mutated ScGP-A genes in dikaryon by a competitive RT-PCR method. 21) As a consequence, all of the clones numbered below the blots were used for further experiments.
Evaluation of expression levels of EGFP in monokaryon and dikaryon
Because the Sc3 protein is a major component of aerial mycelia in both monokaryon and dikaryon (as reviewed by Wösten et al.), 36) the Sc3 promoter region , and mutated ScGP-C (panel E) genes in transformed clones. Each 2 g of total RNA was electrophoresed and stained with Vistra Green (Pharmacia). The 18S and 28S rRNA bands indicated that no RNA samples were degraded by contaminated RNAase (panel A-E, lower panels). An RNA Ladder (NEB) was used as a molcular weight size marker (indicated as ''M''). Northern hybridizations were performed using cDNA fragments of RAS and ScGP-A, B, and C (panel A-E, upper panels). The RNA samples loaded on the left and right sides of marker lane M were recovered from monokaryon and dikaryon clones, respectively. Lane C was a control RNA sample recovered from the untransformed monokaryon T11 strain. All of the clones numbered below the blots were used for further analysis (the measurement of cAMP concentration, colony growth speed, and the fruiting body formation test for dikaryon clones). The arrows indicate the size of RNA blots measured by the RNA size marker.
itself might influence the phenotypes of transformed clones. For example, strong expression of the exogenous Sc3 promoter might compete with the endogeneous native Sc3 promoter by consuming the putative transcription factors for Sc3, and result in suppression of aerial mycelium formation. Therefore, the EGFP gene was expressed by the Sc3 promoter in control experiments. EGFP protein have been considered biologically inert in general, though the effect should be verified carefully in comparison with clones transformed with TRP1 alone. The expression of GFP (S65T) in S. commune has been reported. 28) The expression of EGFP has also been confirmed in S. commune (T. Kinoshita et al., personal communication). To screen the clones strongly expressing EGFP, the fluorescent intensity of each clone was measured by fluorometer (Fig. 4) . In monokaryon, some clones (monokaryon clones #12, 15, 28, 30, 34, and 39) exhibited prominent fluorescence and were used for further experiments. Some dikaryon clones (#12, 15, 24, and 30) exhibited apparent fluorescence and were used for further analysis. However, the strong expression of EGFP observed in monokaryon was significantly decreased when the clones were mated with the F1 monokaryon strain (paired t test, P < 0:05), as observed in northern blotting experiments.
Measurements of intracellular cAMP levels
In most species, the production of cAMP is modulated by the heterotrimeric G protein alpha subunits and/or small G protein (RAS) via activation of adenylate cyclase. But it is not clear which types of G proteins modulate intracellular cAMP levels in homobasidiomycetes (mushrooms). Though the disruption experiments on RAS or G protein alpha subunits should be a most suitable way to examine each function of the gene, the technique is very difficult to apply in homobasidiomycetes. Some recent reports, however, have shown that gene disruption experiments might be applicable to S. commune. [37] [38] [39] Though the homologous recombination rates were not very high in these reports, disruption experiments should be done to understand each function of RAS and heterotrimeric G proteins in detail. An alternative way to investigate the function of G proteins is to construct dominant active mutants that have lost intrinsic GTPase activity. For example, intracellular cAMP levels were significantly elevated in dominant active RAS2val19 strains in S. cerevisiae. 4) In S. pombe, mutations in gpa2 that would inhibit the GTPase activity of the gene product caused a slight increase in intracellular cAMP levels. 40) To examine which types of G protein are involved in the regulation of cAMP levels in S. commune, the cAMP levels of clones expressing each dominant active gene were measured. As a result, neither dominant active RAS nor wild type RAS raised the intracellular cAMP levels in monokaryon or dikaryon (Fig. 5) . By contrast, the dominant active heterotrimeric G protein alpha subunits ScGP-A (Q207R) and ScGP-C (Q204R) significantly increased the cAMP levels, by 160-200% over that of clones co-transformed with pSc3-EGFP or pTRP1 alone. These results are similar to those for C. neoformans in which adenylate cyclase performs its function downstream of the heterotrimeric G protein alpha subunits GPA1. 6, 33) It has also been demonstrated that G protein alpha subunit Gpa3 controls the cAMP signaling pathway in U. maydis.
7)
The influence of the dominant active RAS gene on mycelium growth and the formation of fruiting bodies
In a previous study, we reported that the dominant active heterotrimeric G protein alpha subunits ScGP-A and ScGP-C caused a slight decrease in aerial mycelium density in monokaryon and an apparent repression of formation of fruiting bodies in dikaryon. 21) In contrast, the aerial mycelium of clones expressing the dominant active RAS gene became denser than those of any other clones (Fig. 6 ). In addition, the mean diameter of mycelium colonies expressing the mutated RAS gene was about half that of colonies transformed with pSc3-EGFP or pTRP1 alone (Table 2 ). Since the changes of phenotypes caused by the wild type RAS gene were not as obvious as those of clones expressing the dominant active RAS gene, it is possible that the qualitative change in the RAS protein was more important than the quantitative change in modulating function in S. commune. The phenomena described above were not observed in dikaryon. But it was unclear whether the action of the mutated RAS gene changed between monokaryon and dikaryon, because the expression levels of mutated RAS genes were not as strong as those of monokaryon (Fig. 3) . Interestingly, both the mutated RAS gene and the heterotrimeric G protein alpha subunits ScGP-A and ScGP-C obviously repressed fruiting body formation (Table 2) , in contrast to the difference in influence observed in monokaryon mycelia. At present, it is unclear how these G proteins repress fruiting body formation. Excessive activation of G proteins might suppress the expression of important protein components involved in fruiting body formation by posttranscriptional regulation. It has been found that the various patterns of post-transcriptional regulation, such as protein phosphorylation or mRNA destabilization, are caused by heterotrimeric G proteins (as reviewed by Morris and Malbon).
41)

Conclusions
In this report, we have indicated that heterotrimeric G protein alpha subunits, not RAS, might modulate intracellular cAMP levels in S. commune. A change in intracellular cAMP concentration would strongly affect cell condition via cAMP-dependent protein kinase A. For the future, protein kinase A should be characterized in order to clarify the function of cAMP in homobasidiomycete in detail. We still do not know what kinds of Each clone strongly expressing the co-transformed gene (confirmed by northern blotting (Fig. 3) or measurement of fluorescence intensity (Fig. 4) signals modulate the activities of RAS or heterotrimeric G proteins. At present, little is known about the protein components that modulate RAS protein in S. commune. But the heterotrimeric G protein-coupled receptors have been found to be the receptors for mating peptide pheromones. 42, 43) It has been hypothesized that SCGPALPHA1 and SCGPALPHA2 are coupled with the receptors in S. commune. The heterotrimeric G protein alpha subunits might transduce both peptide pheromones and other signals, since Gpa3 is essential for pathogenicity and the transmission of mating pheromones in U. maydis.
44) The clarification of signals transmitted by G proteins in S. commune would help us to understand the mechanism by which mushrooms sense environmental factors, such as mating pheromones, nutritional factors, and temperature and lighting conditions that stimulate the formation of fruiting bodies.
